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Geostationary Visible Sensors Using a Daily
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Abstract—A desert daily exoatmospheric radiance model
(DERM) based on a well-calibrated (reference) geostationary
Earth orbit (GEO) satellite visible sensor can be used to transfer
the calibration to a (target) GEO sensor located at the same
equatorial longitude location. The DERM is based on the refer-
ence GEO daily radiances observed over a single pseudoinvariant
calibration site (PICS) being that the daily angular conditions
are repeated annually for any historical or successive colocated
GEO. The GEO-specific PICSs used in the study are first inspected
using the well-calibrated Aqua-MODerate Resolution Imaging
Spectroradiometer (MODIS) exoatmospheric reflectances for sta-
bility. The Libyan Desert site was found to be stable within 1%
over ten years. The average clear-sky daily local-noon interan-
nual variability based on Meteosat-9 0.65-μm top-of-atmosphere
radiances over the Libyan Desert is 0.74%, which implies that
the combined surface and atmospheric column is invariant. A
spectral band adjustment factor, based on Scanning Imaging
Absorption Spectrometer for Atmospheric Cartography spectral
radiances, is used to account for sensor spectral response function
(SRF) differences between the reference and target GEO. The
GEO reference calibration was based on the GEO/Aqua-MODIS
ray-matched radiance intercalibration transfer technique. The
reference Meteosat-9 DERM and ray-matched calibration consis-
tency was within 0.4% and 1.9% for Meteosat-8 and Meteosat-7,
respectively. Similarly, GOES-10 and GOES-15 were calibrated
based on the GOES-11 DERM using the Sonoran Desert and were
found to have a consistency within 1% and 3%, respectively.

Index Terms—Geostationary visible imager calibration, pseu-
doinvariant calibration targets, spectral band adjustment factor
(SBAF).

I. INTRODUCTION

IN THE last three decades, there has been an increased
interest in the use of multiple geostationary Earth orbit

(GEO) satellites for studying long-term global climate change.
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Products based on the International Satellite Cloud Climatology
Project rely on well-calibrated GEO radiances [1]. The Clouds
and the Earth’s Radiant Energy System (CERES) project incor-
porates three-hourly GEO enhanced broad-band fluxes between
CERES measurements to provide diurnally averaged fluxes [2].
These GEO operational visible imagers must be vicariously
calibrated owing to an absence of any onboard calibration. An
approach that uniformly calibrates all historical and current
GEO sensors to the same absolute radiometric scale is im-
portant because the impact of calibration artifacts in the GEO
record could be misinterpreted as change in climate.

Historical GEO sensors were vicariously calibrated using
intercalibration with similar radiometric sensors or with com-
puted exoatmospheric radiances based on the Earth’s surface
and atmospheric column [3]. Bright invariant desert sites were
identified and characterized, particularly for temporal stability,
in order to vicariously calibrate visible sensors [4], [5]. The pre-
dicted radiances as a function of angular geometry relied on a
radiative transfer model based on a priori surface bidirectional
reflectance distribution function (BRDF) and spectral signature
as well as atmospheric profiles to account for atmospheric
absorption at the time of measurement [6]–[8].

The predicted radiances from these invariant desert sites
were improved over time and were eventually compared against
recent well-calibrated polar orbiting sensors in order to es-
tablish an uncertainty in the calibration [8]. Chun et al. [9]
used the operational MODIS surface BRDF parameter product
and the Advanced Spaceborne Thermal Emission and Reflec-
tion spectral albedos to calibrate the Multifunctional Trans-
port Satellite (MTSAT)-1R geostationary visible imager. The
predicted MTSAT-1 radiances were compared against MODIS
radiances and were found to have an absolute accuracy of 6%.
Govaerts et al. [8] calibrated Meteosat-5 and Meteosat-7 to an
absolute calibration accuracy of 5% by employing an approach
that uses the surface BRDF and spectra as the absolute cali-
bration reference in order to calibrate the GEO visible sensors.
The greatest uncertainty in this approach is the BRDF and the
spectral signature of the desert surface.

GEO sensors have been located over the same (effectively)
equatorial subsatellite point over many decades, and similar
daily imaging schedules provide matching solar and azimuth
angular conditions on a particular day of year. If the atmosphere
and surface reflectance over clear-sky desert sites were invariant
and the GEO visible sensor was stable, then the daily angular
observed radiances observed over one year would be effectively
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identical to that of other years. It is then possible for a well-
calibrated GEO visible reference sensor to intercalibrate other
GEO sensors with similar spectral response functions (SRFs)
that share the same subsatellite point. The BRDF is eliminated
in this approach because the angular geometry used in intercal-
ibration is based on observed radiances. The top of atmosphere
(TOA) hyperspectral radiances observed over the specific pseu-
doinvariant calibration site (PICS) by the SCanning Imag-
ing Absorption spectroMeter for Atmospheric CartograpHY
(SCIAMACHY) can then account for SRF differences between
the target and reference GEO sensors. This approach eliminates
the radiative transfer computation through the atmosphere and
relies on numerous observed hyperspectral radiances to account
for the GEO SRF differences. Because the GEO sensors do
not have onboard calibration, the GEO reference calibration
is obtained by intercalibrating with MODIS, which has ex-
cellent onboard calibration based on solar diffusers, through
coincident, coangled, and colocated GEO radiances [10], [11].
Calibrated SCIAMACHY hyperspectral radiances are used to
normalize the SRF differences.

The concept of evaluating the temporal stability of desert
targets using same-day-of-year measured TOA radiances is
not new. Kizu and Kawamura used an albedo ratio between
two years in order to assess the stability of the Geostationary
Meteorological Satellite-3 visible sensor [12]. Grau and Torres
used an iterative method to compute the annual changes in the
Meteosat-7 calibration [13]. Le Borgne et al. [14] used daily
ratios between two years using three desert sites to compute
the degradation of the Meteosat-4, Meteosat-5, and Meteosat-7
visible sensors. These methods rely on the first year of daily
TOA radiances as the reference calibration to evaluate the sta-
bility in successive years. If there were significant degradation
during the first year, this approach would be compromised. To
determine clear-sky conditions over the PICS, these methods
rely on simple spatial-standard-deviation thresholds, which as-
sume that any clouds or significant sand storm advents decrease
the spatial homogeneity significantly [12], [13]. These methods
do not seek pristine desert atmospheric conditions, desired by
radiative transfer approaches to reduce radiance uncertainty, but
rather average clear-sky conditions. Only interannual changes
are not accounted for, such as stratospheric aerosols, total
integrated water vapor or ozone, and changes in the dune
displacements [14]. This study differs from the stability meth-
ods by using all the years of the reference GEO satellite to
build the TOA radiance model, given that the GEO reference
sensor record is calibrated against the Aqua-MODIS sensor.
This approach has the potential to uniformly intercalibrate most
historical GEO sensors.

The study is organized as follows. First, the PICS stability
is verified by Aqua-MODIS exoatmospheric reflectance trends.
This section also suggests other potential PICSs located over
most GEO domains. In the next section, the intercalibration
of the GEO visible sensor with Aqua MODIS using coinci-
dent ray-matched radiance pairs is illustrated. Thereafter, the
construction of the clear-sky daily exoatmospheric radiance
model (DERM) is described in detail, demonstrating that the
surface and atmospheric column is invariant over time. Then,
the application of the spectral band adjustment factor (SBAF),

based on SCIAMACHY spectral radiances, to account for the
sensor SRF differences will be addressed. Section III presents
the validation of the DERM intercalibration method over the
Libya-4 PICS using Meteosat-9 (reference) and Meteosat-8
(target) pairs with similar spectral responses and Meteosat-9
(reference) and Meteosat-7 (target) with rather different
bandwidths. Examples including GOES-11 as reference and
GOES-10 and GOES-15 as targets over the Sonoran Desert are
also given in the section. Finally, a summary of the approach is
provided in the conclusions.

II. METHODOLOGY

A. Selection of Invariant Sites Over the GEO Domains

Invariant sites are stable terrestrial targets wherein the re-
flectance remains nearly constant over time. Numerous past
researchers have reported on the qualities of invariant sites [4],
[5], [15], [16]. An invariant site should exhibit long-term radio-
metric stability, high surface reflectance, and near overhead sun
to maximize the signal-to-noise ratio (SNR), high spatial homo-
geneity to minimize the effect of misregistration, flat spectral
reflectance, and a near Lambertian surface to minimize the
errors associated with BRDF effects. Also, preferable regions
are aerosol free and are located at high elevations to mitigate
the effects of water vapor absorption. In addition, the site should
be in an arid region, thus minimizing the presence of clouds and
vegetation. Given that it is unlikely that any terrestrial site can
satisfy all of these criteria, the term PICSs is used to refer to
those regions that remain reasonably stable over time and exhibit
features resembling those described earlier [16]. Possible PICSs
within each GEO domain are selected from previous studies.

The driest and most reflective PICSs are found over the
Saharan and Arabian desert areas. Extensive studies have char-
acterized multiple Saharan desert sites for use as calibration
studies [4], [5], [16]–[20]. Many Meteosat calibration stud-
ies have used Saharan desert sites [7], [8], [13], [14]. The
Committee on Earth Observation Satellites Infrared and Visible
Optical Sensors subgroup has recommended six sites (Libya 4,
Mauritania 1 and 2, Algeria 3, Libya 1, and Algeria 5) as ref-
erence standard test sites for monitoring the postlaunch radio-
metric performance of the spaceborne optical sensors [21]. The
Libya-4 desert site has been used by the MODIS and Landsat
calibration teams to monitor the stability of their visible sensors
[15], [17], [22], [23]. The Libya-4 and Arabia-2 desert sites can
be viewed by satellites positioned at 0◦ longitude and over the
Indian Ocean.

For satellites positioned over the Western Hemisphere, the
Sonoran Desert has been the most widely used [6], [17], [19],
[22], [24]. The Sonoran Desert has been used to monitor the
calibration of the Landsat [20], [22] and can be seen from both
GOES-West and GOES-East positions.

Several studies have used Chinese interior desert PICSs to
calibrate visible sensors [12], [19], [25]–[27], the sites of which
include the Taklamakan, Badain, and Dunhuang deserts. The
Badain Jaran Desert located in the central Inner Mongolia
of Northern China is the most invariant site within this do-
main [25]. These desert sites are located much further north
compared to the usual subtropical desert sites. They also have a
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darker surface reflectance, which makes their SNR lower than
that of the subtropical desert sites. These sites can be viewed by
satellites positioned over the Indian Ocean and West Pacific.

Australian deserts have also been used as calibration targets
[9], [12], [28], [29]. The Simpson Desert Aqua-MODIS nadir
reflectance values show an increasing trend from 2002 to 2010
[9], [28] and then a sharp decline in reflectance thereafter [28].
Schmidt et al. reported that the five-year trend in the Tinga
Tingana time series, the most stable of the Australian PICSs,
is strongly affected by an episode of local vegetation growth
in 1996–1997 [29]. Seemingly, there are rather few Australian
deserts entirely void of vegetation and that are not plagued by
interannual rainfall events. The Australian desert region would
be suitable for satellites positioned over the Western Pacific.

Calibrations based on deserts are only as good as the stability
of the target, which must be verified. The temporal stability of
these regions is demonstrated individually using ten years of
clear-sky MODIS data acquired at these sites. The Aqua-
MODIS Collection-6 Level-1b Band-1 (0.65 μm) data are used
for this purpose. Aqua MODIS is used because it is stable to
within 1% per decade and is better characterized and more
stable compared to Terra MODIS [23]. TOA observed near-
nadir (viewing zenith angle < 10◦) Aqua reflectance data over
these sites are normalized by a site-specific BRDF model that
is based on the first three years of the Aqua record, which is the
most stable period. The BRDF approach is semiempirical and
is based on a linear combination of two kernel functions as de-
scribed by Roujean et al. [30]. Only nadir TOA reflectances are
used to derive the BRDF, which models the TOA reflectance as
a function of solar zenith angle (SZA), as used in the approach
of Angal et al. [17]. Only reflectances from clear-sky conditions
are used. Such a condition is determined by a spatial uniformity
test, which follows the same test as the DERM and is described
in more detail in the next section. Fig. 1 shows the individual
Aqua-MODIS near-nadir normalized PICS reflectances, which
have a near-nadir sampling frequency of 16 days. The ten years
(July 2002 to December 2012) of normalized reflectances are
then used to assess the stability of the site.

The PICSs described in this section are listed in Table I by
their center latitude and longitude, along with the extent of
the region of interest (ROI). The ten-year mean Aqua-MODIS
reflectance, spatial homogeneity based on the 1-km pixel-level
reflectance spatial standard deviation in the ROI, and temporal
stability based on the standard deviation of all of the 16-day
observed reflectances are also given in Table I. The Libya-4
and Sonoran desert sites are stable within 1% based on Aqua-
MODIS observations and can be used to demonstrate the
DERM. Table II provides the equatorial longitude locations of
the successive operational satellites and the view angle to the
PICS listed in Table I. Given that the GEO satellites have been
positioned over the same approximate location successively,
and usually with the same imaging frequency, it is possible to
construct a DERM for each PICS.

B. GEO Reference Calibration Based on
Aqua-MODIS Intercalibration

The absolute calibration of the reference GEO is ob-
tained from the intercalibration of the GEO and Aqua-MODIS

Fig. 1. Normalized TOA near-nadir Aqua-MODIS 0.65-μm observed clear-
sky reflectances over (from top to bottom panels) Libya-4, Sonora, Arabia-2,
and Badain PICSs from 2002 to 2012. The mean, standard deviation, and
number of observations over the record are given for each PICS.

0.65-μm band, which has excellent onboard calibration as men-
tioned in the previous section. The Aqua-MODIS calibration is
transferred using coincident (within 15 min) angular matched
radiance pairs over an equatorial ocean domain centered on the
GEO subsatellite point. The matched radiance pairs are linearly
regressed on a monthly basis. The procedure is described in
detail by Minnis et al. [10]. The reference GEO gain is then the
factor needed to multiply the GEO count, which is proportional
to radiance, after adjusting for the space count. The SRF
difference between the GEO and MODIS channels is accounted
for by using SCIAMACHY hyperspectral radiances as outlined
by Doelling et al. [31]. Essentially, all SCIAMACHY footprints
located over the equatorial ocean GEO domain are used to
compute pseudo GEO and MODIS radiances by integrating the
GEO and MODIS SRFs with the SCIAMACHY hyperspectral
radiances. For this study, we processed the SCIAMACHY
Level-1B data (SCI_NL_1P, Version 7.03) produced with the
European Space Agency-distributed data calibrator in order to
extract the SCIAMACHY measurements from 240 to 1750 nm.
All of the pseudo GEO and MODIS radiance pairs are regressed
to derive the SBAF. The SBAF is then used to adjust the Aqua-
MODIS radiance to derive an equivalent GEO radiance.
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TABLE I
PICSS INSPECTED IN THIS STUDY ALONG WITH THEIR LOCATION AND AREAL EXTENT, THE TEN-YEAR MEAN (JULY 2002 TO DECEMBER 2012)

AQUA-MODIS BAND-1 (0.65 μm) NEAR-NADIR CLEAR-SKY REFLECTANCE, THE SPATIAL HOMOGENEITY BASED ON THE 1-km
PIXEL-LEVEL REFLECTANCE SPATIAL STANDARD DEVIATION IN THE ROI, AND THE TEMPORAL STABILITY BASED ON THE

STANDARD DEVIATION OF ALL OF THE 16-DAY OBSERVED REFLECTANCES

TABLE II
GEO SATELLITES LISTED AS A FUNCTION OF EQUATORIAL LONGITUDE POSITION. THE GEO VIEW ANGLE

FROM THE LONGITUDE POSITION TO THE PICS IS LISTED IN TABLE I

C. Derivation of the DERM

If the PICS seasonal variation is consistent over time, the
invariance suggests the possibility of constructing a clear-sky
DERM. The DERM should be based on multiple years of con-
sistently calibrated geostationary data and should be suitable
for predicting the TOA radiance for the site. Fig. 2 shows
over five years (April 2007 to March 2011) of clear-sky daily
TOA observations of Libya 4 from the Meteosat-9 0.65-μm
channel. Meteosat-9 is operated by the European Organisation
for the Exploitation of Meteorological Satellites and was a
prime geostationary satellite at 0◦ longitude from April 2007
to January 2013. It scanned the Libya-4 PICS with a viewing
zenith angle of 42.1◦. The 10:30 GMT image time, which is
close to local noon, is used in this study. Local noontime is
chosen to ensure the maximum SNR. The Meteosat-9 visible
pixel (3-km nominal) raw counts acquired over the ROI are
averaged after subtracting the known space count value of 51
[32]. The mean raw count is then converted to absolute TOA
radiance using the calibration gains derived for Meteosat-9
through ray-matching intercalibration with Aqua MODIS [10],
[11]. The consistent repeating cycle of the TOA radiance every
year suggests that the ground site and the atmosphere above it
form an invariant system together, which can be characterized
using only the clear-sky TOA observations from a satellite.

Fig. 2. Meteosat-9 10:30 GMT image clear-sky daily TOA radiances derived
over Libya 4.

Clear-sky scenes are identified daily using a spatial-standard-
deviation threshold of the target site, which captures the
mean atmospheric turbidity conditions. Cloudy and significant
aerosol events should be filtered using this threshold. On a
clear-sky day, the desert pixels are homogeneous, resulting in
a low spatial standard deviation [7], [12], [13]. The spatial
standard deviation of Meteosat-9 visible pixels over Libya 4
is displayed in Fig. 3. A spatial-standard-deviation clear-sky
count threshold of 5 counts was selected visually. The mean
spatial standard deviation of clear-sky days is 3.5 counts, which
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Fig. 3. Spatial standard deviation, in digital counts, of the Meteosat-9 visible
pixels over Libya 4. Of the daily points, 2% exceeded a spatial standard
deviation of 50 counts.

Fig. 4. Meteosat-9 clear-sky DERM of Libya 4. Here, n stands for the number
of daily observations averaged for each day-of-year TOA radiance.

is less than 1% of the averaged spatial raw count, indicating
that Libya 4 is spatially homogeneous. Notice that most years
have consistent spatial standard deviations. The cloudy years
have spatial standard deviations much greater than the minima,
indicating the robustness of the clear-sky spatial method for
selecting clear-sky days. Owing to the presence of clouds,
26.02% of Meteosat-9 data are found unusable for creating a
DERM of Libya 4.

The next steps are to average the same-day-of-year TOA
radiances and derive the DERM (see Fig. 4). Each point in
Fig. 4 is the average of the measured Meteosat-9 TOA radiances
for that particular day from 2007 to 2012 and is color-coded
with the number of points averaged. More than 80% of the days
have three or more years available for each day to derive the
DERM. Fig. 5 shows the interannual variability calculated us-
ing the standard deviation of the multiple years of observations
made for each existing day in the DERM. The majority of the
existing days in the DERM have an interannual variability of
less than 1%. During winter months, when the SZA is high, the
decreased SNR leads to more days of variability over 1%. On
average, the variability of a particular day observation in the
DERM is about 0.74%.

D. Spectral Band Corrections

The DERM can be applied directly if the SRFs of the
reference and target sensors are similar. However, this similarity
is rare, and an SBAF must be applied when the sensor SRFs

Fig. 5. Daily interannual variability in the observed Meteosat-9 DERM
radiance over Libya 4 from five years of clear-sky daily TOA radiances.

differ. This difference in observation is scene dependent and
can be quantified empirically by the knowledge of the spectral
profile of the target [20]. For this study, the high-resolution
reflected solar spectra measured by SCIAMACHY over the
PICS are used to derive the SBAF needed to account for the
spectral band differences between the GEO instruments. This
method follows the technique described by Doelling et al. [31].
SCIAMACHY is on the Environmental Satellite, which has
a local equator crossing time of 10:00 A.M. This study uses
1-s integration of the SCIAMACHY Level-1B (SCI_NL_1P,
Version 7.03) data that have a spatial resolution of 30 km
along track by 240 km across track for the nadirlike scans.
Because the SCIAMACHY footprint is much larger than the
Libya-4 ROI, a sensitivity study was performed to deter-
mine the effect of the spatial mismatch on the SBAF. First,
using the same clear-sky days that identified the near-noon
(10:30 GMT) Meteosat-7 Libya-4 daily TOA radiances be-
tween 2003 and 2010, we computed the SBAF by selecting all
the clear-sky SCIAMACHY footprints for which the 30-km-by-
240-km footprint center was contained within the Libya-4 ROI,
as defined in Table I. There was a total of 119 SCIAMACHY
footprints between 2003 and 2010 that satisfied this criterion.
Next, we defined an extended 1.5◦ by 1.5◦ ROI over the Libyan
site with its center at 28.75◦ latitude and 23.25◦ longitude and
then collected all the clear-sky SCIAMACHY footprints for
which the centers were within the new ROI. As a result, an
increased sample of 899 SCIAMACHY footprints was used to
compute the SBAF over Libya 4. Fig. 6 shows the Libya-4
ROI (red), the extended ROI (green), and six consecutive
SCIAMACHY footprints (blue) from one orbit over the
Libya-4 PICS. The SCIAMACHY-footprint centers are marked
with an “x.” The sixth SCIAMACHY footprint is marked with
a dotted line because its center does not fall within any of
the two ROIs, and therefore, it is not used in computing an
SBAF. Fig. 7 shows the average and standard deviation of the
SCIAMACHY reflectance spectra for the Libya-4 ROI and the
extended ROI. A comparison of the two spectra shows that they
have a mean absolute difference of only 0.6%, which suggests
that the entire Libyan Desert has a very uniform spectral
signature. For both cases, the TOA Libyan Desert reflectance
spectrum variability is within ∼0.02 for wavelengths less
than 0.7 μm and ∼0.05 for wavelengths that are greater than
0.7 μm. This low variability demonstrates that, even in the
near IR, in which water vapor absorption is strong, the TOA
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Fig. 6. Libya-4 ROI (red), the extended ROI (green), and six consecu-
tive SCIAMACHY footprints (blue) with their centers marked with “x.”
SCIAMACHY footprint 4 is used to compute the SBAF over Libya 4, whereas
the footprints 1 through 5 are used to compute the SBAF over the ex-
tended ROI.

Fig. 7. Normalized SRFs, or relative response functions, of (red line)
Meteosat-7 and (black line) Meteosat-9, along with the (blue line) 2003–2010
mean and (purple line) standard deviation of the 119 SCIAMACHY-footprint
clear-sky TOA reflectance spectra over Libya 4. The mean and standard
deviation of the 899 SCIAMACHY clear-sky TOA reflectance spectra over the
extended ROI are shown with the green and yellow lines, respectively. The two
mean spectra are close with a mean difference of only 0.6%. The Meteosat-8
SRF is not specifically shown, as it is nearly identical to that of Meteosat-9.

spectrum is stable over seven years and for all seasons.
The comparison of the SBAF derived from the two sets of
SCIAMACHY footprints is discussed in the next paragraph.

Meteosat-8 and Meteosat-9 have almost identical SRFs
for the 0.65-μm channel, signifying practically no need for
an SBAF correction between the two. Fig. 7 indicates that
the Meteosat-7 bandwidth is much larger than those from
Meteosat-8 and Meteosat-9 and is centered more toward
0.75 μm. Therefore, an SBAF must be computed for the
Meteosat-7 and Meteosat-9 pair in order to transfer the calibra-
tion of the reference (Meteosat-9) to the target (Meteosat-7).
The SBAF is determined by first convolving the SCIAMACHY
spectra of Libya 4 with the SRFs of Meteosat-7 and
Meteosat-9, thereby estimating the pseudoimager radiances for
both sensors. The Meteosat-7 pseudoradiances are then re-
gressed against the Meteosat-9 pseudoradiances, and the forced
slope (regression through zero) is used as the SBAF for this

pair. Fig. 8 (left) shows that the SBAF for the Meteosat-9 and
Meteosat-7 pair is 0.7745, which is yielded from a combina-
tion of the spectral signature of the incoming solar radiation
(decreasing with wavelength after 0.6 μm), the increasing
surface reflectance with wavelength, the strong water vapor
absorption bands in the near IR, and the sensor SRF band. The
estimated standard error of the forced regression slope is 1.43%,
which is also a quantitative measurement of the uncertainty
in the SBAF. This process is repeated again to compute the
Meteosat-9-to-Meteosat-7 SBAF using the larger set of the
SCIAMACHY samples (899 footprints) over the extended ROI.
Fig. 8 (right) shows that the new SBAF is 0.7769, whereas the
uncertainty remains practically the same as before. The two
SBAFs have a difference of only 0.3%, which indicates that the
spatial mismatch of SCIAMACHY footprints over Libya 4 has
minimal impact on the computation of the SBAF. The SBAF
regression plot for the 899 samples also indicates an apparent
seasonal cycle in the SBAF. Therefore, the SBAF regressions
were performed seasonally using all of the 899 SCIAMACHY
samples, thereby reducing the standard error of the regression
to less than 1% for all seasons except winter, for which the
standard error was 1.22%. Owing to the dependence of SBAF
on season, the desert DERM relies on the seasonal SBAF.

E. GEO DERM Transfer of Calibration

Once the PICS DERM is created, it is ready for use in
calibrating other GEO sensors that preceded or succeeded the
reference GEO sensor in the same geostationary orbit. The re-
lationship between the TOA radiance, the measured raw count,
and the calibration gain of a GEO sensor, for the examples given
in the next section, is given by the following equation:

DERM SBAF radiance = Gain × (Raw count − Space count).
(1)

The daily gain is the necessary factor needed to multiply the
GEO count after subtracting the offset to obtain the reference
DERM after applying SBAF. The DERM radiance is normal-
ized by the cosine of the SZA to take into account the small time
difference between the reference and the target GEO. The daily
calibration gains are averaged on a monthly basis, and a trend
is found to track the radiometric performance of the sensor
over time.

F. GEO DERM Calibration Uncertainty

The GEO DERM intercalibration uncertainty is the sum
of the GEO reference calibration and the DERM calibration
transfer uncertainty. The GEO reference calibration was based
on monthly Aqua-MODIS and GEO ray-matched radiance pair
regressions. The Aqua-MODIS/GEO ray-matching calibration
uncertainty is the combination of the Aqua-MODIS absolute
calibration accuracy, the ray-matching error, and the Aqua-
MODIS and GEO SBAF uncertainty. The Aqua-MODIS abso-
lute calibration uncertainty is within 1.64% [33] and is based
on the ground-to-orbit calibration transfer uncertainty analy-
sis. If the ray-matching intercalibration method were perfect,
then the monthly variability would mirror only the instrument
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Fig. 8. Regressions of SCIAMACHY pseudo clear-sky footprint Meteosat-7 0.65-μm and Meteosat-9 0.65-μm radiances over (left) Libya 4 and the (right)
extended ROI. The radiances are color coded according to season.

calibration drift. The monthly variability of the ray-matched
gains is then the uncertainty, which is defined by the standard
error about the trend regression. The Aqua-MODIS-to-GEO
SBAF uncertainty for ray matching is computed the same way
as over the deserts from the regression of all the SCIAMACHY-
footprint pseudoradiance pairs over the equatorial GEO
domain during 2003–2010. One SCIAMACHY 30-km-by-
240-km footprint is nearly spatially representative of a 50-km
region used to derive the radiance pairs in the ray-matching
intercalibration. The standard error of the regression ideally
provides a representative interannual and seasonal variability,
about the SBAF, of the GEO spectra radiance measured, not
observed, by MODIS.

Four major sources of uncertainty are identified for the
DERM calibration transfer methodology itself. First, there is
uncertainty associated with the reference PICS DERM, which
is used to predict a daily TOA radiance for a target GEO.
This is contributed jointly by the PICS temporal stability as
well as the annual atmospheric condition change over the site.
The mean interannual variability of the DERM radiance (dis-
cussed before) is the estimate of this uncertainty. The second
contribution to the uncertainty is from the computation of the
SBAF for the reference and target GEO pair. This uncertainty
component is estimated from the standard error of the SBAF
regression slope of all the 2003–2010 SCIAMACHY-footprint
pseudoradiance pairs over the PICS, which should capture the
out-of-band DERM spectral variability. Although the ROI and
SCIAMACHY geometry may not be aligned, every effort has
been made to identify SCIAMACHY footprints that represent
the ROI. The navigation accuracy is identified as the third
source of uncertainty in the DERM method. This can be es-
timated by assuming a typical navigation error and shifting
the navigation by that amount in eight directions from the
ROI. The standard deviation of the eight mean reflectances is
the uncertainty factor. Usually, small ROIs have the greater
navigation uncertainty because a navigation shift results in a
greater fraction of GEO pixels that do not observe the ROI.
Fourth, the monthly variability of the GEO DERM gain about
the calibration trend line also contributes to the DERM un-
certainty. This contribution is directly related to the regression

of the monthly DERM gain time series data and is estimated
from the standard error of the regression. A small standard
error indicates high confidence in the DERM predicted gain
for a given time. Longer time records usually also result in
smaller standard errors. Finally, the total DERM calibration un-
certainty is obtained by combining the individual contributions
in quadrature.

G. GEO DERM Calibration Validation

The validation of the GEO DERM is a self-consistency
test. The GEO DERM target calibration is compared to the
GEO-target/Aqua-MODIS ray-matched intercalibration. Aqua
MODIS is used to intercalibrate both the reference GEO for
DERM and the target GEO for comparison. If the Aqua-
MODIS ray-match intercalibration were perfect, then any GEO
target DERM and ray-match calibration gain difference is due
to the DERM methodology. If the gain difference is well within
the combined DERM and GEO target ray-matched uncertainty,
the self-consistency test validates the DERM methodology.
For this self-consistency check, the Aqua-MODIS absolute
calibration is not needed in the uncertainty analysis. However,
the absolute calibration of the DERM method needs to include
the Aqua-MODIS uncertainty.

III. RESULTS AND DISCUSSIONS

The successive GEO desert DERM intercalibration tech-
nique is evaluated in three examples. The first example transfers
the Meteosat-9 Libya-4 DERM to Meteosat-8, for which SRFs
are nearly identical. The second example transfers the same
Meteosat-9 DERM to Meteosat-7, for which the SRFs are very
different, thereby determining the effectiveness of the SBAF.
The third example transfers the GOES-11 Sonoran DERM
to GOES-10 (similar SRFs) and GOES-15 (different SRFs)
illustrating the technique over another GEO domain and sensor.

A. Meteosat-8 Calibrated With Meteosat-9 DERM

The Meteosat-9 DERM was applied to the Meteosat-8 mean
raw count over the Libyan Desert region from the 10:30 GMT
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Fig. 9. Comparison of Meteosat-8 visible channel (0.65 μm) monthly radio-
metric gains derived from Aqua-MODIS/Meteosat-8 ray matching (red Xs:
MODIS-to-GEO) and the Meteosat-9 reference Libya-4 desert DERM (black
circles: desert). Linear regression statistics of the monthly gains are also given.

image time to derive a daily gain using (1). The observations
are not perfectly coangled because Meteosat-8 was operated
at 3.4◦ longitude west of Meteosat-9. This disparity results
into a viewing angular difference of 0.97◦ over Libya 4.
In order to account for this viewing angle difference, a TOA
BRDF model [30] of Libya 4 was developed based on ten
years of Aqua-MODIS band 1 reflectance data with the view-
ing zenith angle between 0◦ and 50◦. The Meteosat-9-to-
Meteosat-8 TOA radiance correction factor for Libya 4 as
estimated from the Aqua-MODIS BRDF model described in
Section II is 0.9995 (0.05% correction), which is insignifi-
cant. The Meteosat-8 daily gains obtained from (1) are then
averaged on a monthly basis, and a trend is established. The
monthly gains are compared with the ray-matched calibration
for Meteosat-8/Aqua MODIS during the same time period.
Fig. 9 displays the DERM and ray-matched monthly gains for
Meteosat-8 and the associated linear regression coefficients, the
lifetime mean gains, and the standard error about regression. All
of the uncertainties stated in Section II-F are listed in Table III.
In this case, Meteosat-8 and Meteosat-9 have nearly the same
SRF, resulting in an SBAF uncertainty of zero. The Aqua-
MODIS-to-Meteosat-9 ray-matching calibration uncertainty is
0.98%. The DERM uncertainty is only 0.74%, which implies
that the Libya-4 desert and atmospheric column is an excellent
transfer medium. The Libya-4 navigation uncertainty is 0.1%
using a 3-km navigation shift, whereas the uncertainty in the
Meteosat-8 DERM calibration trend is 0.51%. The total ab-
solute calibration uncertainty of Meteosat-8 using the DERM
approach is 2.11%, which is computed from the quadrature sum
of all individual contributions listed under the Meteosat-9/8
column of Table III. The DERM and ray-match gain differ-
ence is 0.16%, which is well within the uncertainty of either
methods, and is presented in Table IV. These results show
the effectiveness of transferring calibration via the DERM,
validating that the PICS is stable and the DERM approach is
robust.

B. Meteosat-7 Calibrated With Meteosat-9 DERM

To determine the effectiveness of the desert SBAF in the
Meteosat-9 DERM approach, the SBAF was applied to the

Meteosat-7 (at the 0◦ longitude location) visible counts over
the Libyan Desert region from the 10:30 GMT image time,
thus deriving daily gains (1). There is a 10-min time difference
between the Meteosat-9 and Meteosat-7 Libya-4 scan times;
however, the maximum SZA difference between the Meteosat-9
and Meteosat-7 is only 1.5◦. To account for this difference,
the DERM radiance was normalized by the cosine of the
SZA. The clear-sky spatial threshold of 1.5 counts (8-b count
resolution and 4.5-km nominal spatial resolution) was used
to identify Meteosat-7 clear-sky days. The average clear-sky
spatial standard deviation was 0.70, and nearly 80% of all
days considered were identified to be clear. The space count
for Meteosat-7 was derived independently by the authors by
averaging the pixel-level visible counts over the dark portion of
the Earth demarcated with an SZA > 110◦ in the 17:30 GMT
image. The analysis showed that the Meteosat-7 space count
has a fairly stable value of 4.9 throughout the lifetime. The
Meteosat-7/Meteosat-9 Libya-4 seasonal SBAF, described in
Section II-C, was applied to the daily radiances from the DERM
in (1).

Fig. 10 compares the Meteosat-7 monthly gains derived
from Aqua-MODIS ray matching and the DERM. The DERM
monthly gains of Meteosat-7 exhibit some residual seasonal
behavior, presumably caused by the interannual aerosol and
water vapor difference in the Meteosat-7 broad-band channel
not captured by the seasonal SBAF corrections. The Meteosat-7
DERM calibration trend uncertainty is 0.92% compared with
the Meteosat-8 DERM of 0.51%, suggesting that the atmo-
spheric column for the Meteosat-7 spectral band is caus-
ing most of the variability in the monthly gain. During the
2002–2006 overlapping Aqua time frame, the Meteosat-7
mean DERM gain is 2.222, and the gains derived from the
two approaches agree within 1.86% (see Table IV). The un-
certainty analysis is performed following Sections II-F and
III-A, and the observed difference between the ray-matching
and DERM gains is within the uncertainty limit of either ap-
proaches (see Table IV). This self-consistency check validates
the SCIAMACHY-based SBAF approach of both methods and
that the DERM is capable of intercalibrating over a wide
range of SRFs in the visible spectrum that is common among
operational GEO sensors.

C. GOES-10 and GOES-15 Calibrated With GOES-11 DERM

The GOES satellites are operated by the National Oceanic
and Atmospheric Administration over two prime locations:
GOES-East (75◦ W longitude) and GOES-West (135◦ W
longitude). The DERM approach was applied to calibrate
the GOES-10 and GOES-15 visible sensors using the ref-
erence GOES-11 DERM derived from five years of cali-
brated GOES-11 TOA radiances over the Sonoran Desert. The
GOES-11 data were acquired from the 19:30 GMT Northern
Hemisphere image, near local noon at the Sonoran desert loca-
tion. GOES-11 was operational at 135◦ W longitude between
June 2006 and December 2011, and GOES-10 was operational
at the same longitude from July 1998 through June 2006. In
December 2011, GOES-15 replaced GOES-11 and became the
prime operational GOES-West satellite. These three sensors
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TABLE III
LIST OF VARIOUS UNCERTAINTIES INVOLVED IN THE GEO DERM REFERENCE-TO-TARGET

CALIBRATION TRANSFER. ALL UNCERTAINTIES ARE ESTIMATED AT 1-SIGMA LEVEL

TABLE IV
GEO DERM REFERENCE-TO-TARGET CALIBRATION TRANSFER AND THE MODIS

REFERENCE-TO-GEO CALIBRATION TRANSFER GAINS AND UNCERTAINTIES

Fig. 10. Comparison of Meteosat-7 visible channel (0.75 μm) monthly ra-
diometric gains derived from Aqua-MODIS/Meteosat-7 ray matching (red Xs:
MODIS-to-GEO) and the Meteosat-9 reference Libya-4 desert DERM (black
circles: desert). Linear regression statistics of the monthly gains are also given.

thus make a good illustrative case to highlight the usefulness
of the DERM approach in transferring the reference GEO cali-
bration to both historical and future collocated GEOs. During
their operational lifetimes at the GOES-West position, both
GOES-10 and GOES-11 viewed the Sonoran Desert at a view-
ing zenith angle of 43.5◦ and had the same operational imag-

ing schedule, providing exact SZA and azimuth angle daily
matches. The same angular conditions and imaging schedule
are now repeated by GOES-15 at the GOES-West position. A
constant space count of 29 is used for all three GOES imagers
[34]. Based on the visual inspection of the spatial-standard-
deviation profile of the Sonoran Desert ROI, as observed by
GOES-11, a threshold of 8 (10-b count resolution and 1.0-km-
by-0.6-km nominal spatial resolution) was used to filter cloudy
scenes from the GOES-11 data set. The mean standard devia-
tion on a clear-sky day was 5.1 counts. The statistics showed
that the average interannual variability of a daily TOA radiance
in the DERM of the Sonoran Desert is 1.20%, and 85% of
all DERM days were derived from three or more years of
radiances. The Sonoran Desert is also 30% darker than Libya 4
and has a smaller ROI with greater spatial variability (see
Table I), suggesting a smaller SNR. The stability of the Sonoran
Desert is rather similar to that of the Libya-4 site. This example
thus also allows for a comparison of desert quality on the DERM.

Unlike Meteosat sensors, all GOES imagers have mostly
similar SRFs extending from 0.5 to 0.8 μm, except for
the most recent GOES sensors (GOES-13, GOES-14, and
GOES-15) which only encompass wavelengths up to 0.7 μm.
A feasibility study on using the large SCIAMACHY footprints
over the Sonoran Desert, in order to compute the SBAF for the
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Fig. 11. (Red) Sonora Desert ROI along with the (blue) SCIAMACHY
footprint.

Fig. 12. Normalized relative spectral response (RSR) of (red line) GOES-10,
(black line) GOES-11, and (orange line) GOES-15, along with the 2003–2010
(blue line) mean and (purple line) standard deviation of the 24 SCIAMACHY-
footprint clear-sky TOA reflectance spectra over the Sonoran Desert.

DERM-based calibration of GOES sensors, was performed. All
clear-sky (based on the same days as the GOES-11 reference)
SCIAMACHY footprints having centers inside the Sonoran
Desert ROI are identified during the 2003–2010 time frame.
Owing to the location and size of the ROI, only a certain
orientation of the SCIAMACHY 30-km-by-240-km footprint
satisfies the criterion, thus leading to a very small sample of
24 footprints. Fig. 11 shows the Sonora Desert ROI (red) and
one valid SCIAMACHY footprint that includes the Sonora
ROI and extends further in the east and west directions, cov-
ering some vegetation and rocky surfaces. The SCIAMACHY
footprint therefore may not yield the true reflectance spectra
of the Sonoran Desert, but it is not likely to be significantly
different (see next paragraph) from it, given that the major
contribution to the SCIAMACHY footprint is coming from
the bright desert surface. Therefore, the SCIAMACHY-based
SBAF is still useful in minimizing the spectral band difference
effects in the DERM intercalibration of GOES sensors. The
effectiveness of the SBAF based on the 24 SCIAMACHY
footprints over the Sonoran Desert is discussed next.

The mean of the 24 SCIAMACHY-clear-sky-footprint
spectral-reflectance values over the Sonoran Desert is shown
in Fig. 12 along with the SRFs of GOES-10, GOES-11, and
GOES-15 visible bands. The associated spectral-reflectance
standard deviation is on the order of 0.03 (∼10%) over most
of the visible spectra, which is higher than that of Libya 4, and
is expected because of the limited SCIAMACHY samples and

Fig. 13. Comparison of GOES-10 visible channel (0.65 μm) monthly ra-
diometric gains derived from Aqua-MODIS/GOES-10 ray matching (red Xs:
MODIS-to-GEO) and the GOES-11 reference Sonoran Desert DERM (black
circles: desert). Linear regression statistics of the monthly gains are also given.

partial presence of variable scene types, including vegetation.
However, the spectra do not seem to be significantly impacted
by vegetation, otherwise one would expect a noticeable increase
in the reflectance near IR beyond 0.7 μm. The reflectance
spectra computed over the Sonoran Desert closely resemble, in
shape, the desert spectra computed over Libya 4 (see Fig. 7),
but are darker in magnitude as expected. Owing to the lack of
sampling, no seasonal SBAF was derived for the GOES sensor
pairs. Given the similarity between the GOES-10 and GOES-11
SRFs, the SBAF is 1.004, and the SBAF uncertainty is 0.18%
based on 24 footprints. GOES-11 and GOES-15 are found to
have the largest spectral band dissimilarity among the GOES
sensors operated at the GOES-West position during the MODIS
time frame. The computed SBAF for this pair is 1.029 with
an uncertainty of 1.2%. This is the highest SBAF uncertainty
discussed in this paper. Because the GOES SRFs do not contain
any strong water vapor absorption lines, most of this uncer-
tainty is believed to lack a seasonal SBAF due to inadequate
SCIAMACHY sampling, which may not be sufficient to ac-
count for the range of natural seasonal variability in the SBAF.

Fig. 13 shows the GOES-10 DERM and Aqua-MODIS ray-
matched monthly mean gains and associated second-order re-
gression. The navigation error uncertainty, which was derived
using a 2-km navigation shift, is 0.4%, which is expected
given the doubled spatial variability compared to Libya 4 (see
Table I), and the ROI encompasses 16% of the area. All other
sources of uncertainty are listed in Table III. For the overlapping
time frame between 2003 and 2006, the means of the two sets of
gains agree within 1% (see Table IV), which is well within the
uncertainty of either the DERM or ray-matching methods (see
Sections II-F and III-A), signifying a good consistency between
the two methods.

The results from the DERM and Aqua-MODIS ray-matched
calibration of GOES-15 are plotted in Fig. 14. The DERM
monthly gains are plotted with and without the application of
the SBAF for comparison. It is evident from the figure that,
without the spectral corrections, there is a systematic bias of
5.4% between the ray-matching and DERM calibration trends.
The application of the SCIAMACHY-based SBAF successfully
reduces the bias to half, which is a significant improvement.
The remaining bias (∼2.7%), however, is within the uncertainty
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Fig. 14. Comparison of GOES-15 visible channel (0.65 μm) monthly ra-
diometric gains derived from (blue diamonds) Aqua-MODIS/GOES-15 ray
matching and (red squares) GOES-11 reference Sonoran Desert DERM with
SBAF. The application of SCIAMACHY-based SBAF reduces the bias between
the two approaches.

limit (3.06%) of the DERM approach for GOES-15. There-
fore, it can be concluded that the SCIAMACHY footprints
over the Sonoran Desert can be used to effectively reduce the
radiometric difference between the reference and target GOES
sensors caused by their spectral band differences. Investigations
are ongoing to improve the uncertainty in the GOES sensor
calibration using the DERM approach.

IV. CONCLUSION

PICSs have long served as benchmarks for assessing the
postlaunch radiometric calibration of optical satellite sensors.
Their use for relative trending or monitoring stability of the
radiometric gain of a satellite sensor has been well accepted. A
calibration approach using PICS as a reference for successive
GEOs positioned at the same location with similar imaging
schedules has been described. This approach allows for the con-
struction of a reference DERM of PICS using the consistent-
time daily observations from a well-calibrated GEO sensor. The
reference GEO calibration was obtained from intercalibrating
with Collection-6 Aqua-MODIS 0.65-μm channel data using
coincident ray-matched radiances. Local noontime data were
picked to maximize the SNR. A simple spatial threshold was
applied to the standard deviation of the pixel-level TOA ra-
diances over the PICS to determine if the site was clear for
each day.

The use of the DERM assumes that the combined surface
and clear-sky atmosphere column is invariant over multiple
years for a given day of year, with a minimal year-to-year
variability in the TOA radiance. This assumption was verified
by constructing DERMs for Meteosat-9 and GOES-11 visible
channels over the Libya-4 and Sonoran Desert PICSs, respec-
tively. The average annual variability of the DERM radiance
over Libya 4 and the Sonoran Desert is 0.74% and 1.20%, re-
spectively. In order to account for any spectral band differences
between a reference GEO and its predecessor, SBAFs were
derived using the PICS-specific reflected solar spectra, obtained
from SCIAMACHY hyperspectral observations. Because the
SCIAMACHY 30-km-by-240-km footprint is much larger than
the Libya-4 ROI, the potential impact of the spatial mismatch

on the SBAF has been studied and found to be insignificant. The
temporal stability of the PICS is the minimum requirement of
this method, being that the calibration transfer is only as good
as the quality of the PICS. PICSs were identified using Aqua-
MODIS nadir reflectances over all GEO domains. The clear-
sky DERM has the potential to calibrate historical, current, and
future GEO sensors to the same calibration reference.

To validate the DERM approach, four self-consistency
checks were performed. For the first case, the Meteosat-9 (refer-
ence) and Meteosat-8 (target) geostationary sensors had nearly
identical SRFs and imaging schedules. The Libya-4 DERM
calibration was applied to Meteosat-8 and was compared to the
Aqua-MODIS ray-matched intercalibration gain during 2004
and 2007. The resulting calibration transfer is within 0.2%,
which is well within the uncertainty of either methods. For
both the reference and target period, the linear regression of the
DERM monthly gain standard error is less than 0.6%, which
suggests that the Libya-4 PICS is stable, as well as having a
high surface reflectance and high spatial uniformity.

The second check also uses the Libya-4 PICS, but in this
case, the MODIS-like SRF of Meteosat-9 is rather different than
the nearly broad-band Meteosat-7 SRF, which contains many
water vapor absorption bands. The Libya-4 DERM calibration
and SCIAMACHY-based SBAF were applied to Meteosat-7
and compared with the ray-matched intercalibration based on
Aqua MODIS. The intercalibration consistency is less than
1.9% between the DERM and ray-matching methods and is
within their uncertainty. The linear regression of the Meteosat-7
DERM monthly gain standard error is 0.91%, which is almost
twice as high as that for Meteosat-8, thus implying that almost
half of the variability is from the atmospheric column.

The third case evaluates the Sonoran Desert site, which,
when compared to Libya 4, has a lower surface reflectance,
a smaller ROI, greater spatial variance, and slightly greater
interannual daily variability. The GOES-11 (reference) DERM
was first applied to GOES-10 (target) and compared with the
corresponding Aqua-MODIS ray-matched intercalibration. The
calibration consistency is 0.95%, again within the uncertainty
of either intercalibration methods. The Sonoran Desert PICS
navigation uncertainty was 0.4% given a 2-km shift, which
is greater than the 0.1% for Libya 4 given a 3-km shift. The
standard error of the linear regression of the monthly GOES-10
DERM gains was 0.83%. Most of this uncertainty is attributed
to the temporal stability of the combined desert and atmosphere
system being that the SRFs are somewhat similar.

The fourth case uses GOES-15 as a target GEO and
GOES-11 DERM as a reference and also evaluates the effec-
tiveness of the SCIAMACHY-based SBAF over the Sonoran
Desert. The SCIAMACHY footprints over the Sonoran Desert
are partially contaminated with surrounding vegetation and
other surface types. The impact of these foreign surface types
in the measured reflectance spectra is believed to be minimal.
The GOES-15-to-GOES-11 SBAF had the highest uncertainty
of all four cases, which is most likely a result of the lack of
a seasonal SBAF due to inadequate SCIAMACHY sampling
over the Sonoran Desert PICS. The application of SBAF re-
duces the systematic bias between the ray-matching and DERM
calibration methods from 5.4% down to 2.7%, signifying
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considerable improvement in the DERM approach. The re-
maining difference between the two approaches is, nonetheless,
within the DERM calibration uncertainty. It is anticipated that
the DERM calibration method can be applied to most historic
and future GEO sensors to produce a consistent GEO observa-
tion record.
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